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 Main Text:  1 
Thanatosis is a common phenomenon in which prey appear to feign death when 2 
attacked by predators. It was once widely believed that thanatosis exploited predators’ 3 
tendencies to avoid dead prey. However, this hypothesis has never been tested, and its 4 
feasibility has been questioned to the point that it has been largely abandoned [1,2]. 5 
Here I show that naive avian predators quickly learned that dead Indian stick insects 6 
Carausius morosus were unpalatable, and subsequently rejected live insects that 7 
demonstrated thanatosis, but not those that failed to show thanatosis. Since thanatosis 8 
had no effect on the behavior of birds that had never experienced dead insects, or those 9 
that had experienced dead insects whose resemblance to thanatosic insects had been 10 
destroyed, thanatosis clearly caused predators to avoid prey that they mistakenly 11 
perceived to be dead.  12 
It has been argued that since prey tend to perform thanatosis upon attack, 13 
predators will have observed the live animal immediately before the display and are 14 
thus unlikely to be fooled [1,2]. This is an interesting idea, but it ignores the facts that 15 
animals are often extremely cautious when there are substantial costs associated with 16 
making an error [3], can rely on simple cues to make rapid foraging decisions [4], and 17 
may find ambiguous signals inherently aversive [5].  With this in mind, I tested whether 18 
thanatosic prey deter predators because they appear to be dead. 19 
I used naïve domestic chicks Gallus gallus domesticus as predators and Indian 20 
stick insects as prey: these insects extend their limbs along the body axis and remain 21 
motionless when attacked by predators. Prior to the experiment chicks were trained to 22 
forage independently in an experimental arena before being divided into 3 groups, each 23 
containing 30 individuals. Birds in all groups received four, two-minute experience 24 
manipulation trials, in which they were placed in the experimental arena individually. 25 
The items placed in the arena with them differed among groups. One group 26 
encountered an unmanipulated dead stick insect, one encountered a manipulated dead 27 
stick insect that had been bound in purple cotton thread to change its visual appearance 28 
without influencing its physical structure or odour, and one group experienced an empty 29 
arena. All groups then received a single test trial in which they encountered a live stick 30 
insect. However, stick insects naturally vary in their tendency to perform thanatosis, and 31 
approximately half of the stick insects displayed when attacked (15 in the 32 
unmanipulated group, 18 in the manipulated group, and 16 in the empty arena group). 33 
This effectively created six distinct experimental groups, and allowed me to compare 34 
how the survival of both displaying and non-displaying insects was influenced by birds’ 35 
previous experience (Supplemental information). I predicted that if predators mistake 36 
thanatosic prey for dead prey, then thanatosis would only be an effective deterrent 37 
when birds had learned that unmanipulated dead stick insects were aversive (see 38 
Supplemental information for evidence that dead stick insects are unpalatable).  39 
As expected, chicks found dead stick insects unpalatable. In the experience 40 
manipulation trials, they quickly learned to stop attacking both unmanipulated and 41 
manipulated dead prey (Supplemental information). Furthermore, Chicks invariably 42 
performed disgust responses (head shaking and beak wiping) upon attacking dead 43 
insects, and no dead insect was ever consumed. Despite this, all chicks went on to 44 
attack the live stick insect in the test trial, and the latency to attack did not differ among 45 
the 6 experimental groups (Kruskal Wallis test; X2 = 2.996, P=0.701, df=5; Fig 1A). This 46 
indicates that the chicks’ learned aversions to dead prey did not influence their 47 
willingness to attack live prey, and that chicks did not perceive any difference between 48 
displaying and non-displaying insects prior to attack (when those insects that did 49 
display, performed their displays).  50 
Crucially, the number of chicks that rejected prey post-attack differed among 51 
groups (Fisher’s test: P<0.0001, n=90; Fig 1B). Chicks with prior experience of 52 
unmanipulated dead stick insects were more likely to reject insects post attack when the 53 
insects displayed thanatosis compared to when they did not (Fisher’s test: P<0.0001, 54 
n=30), but this trend was not observed in chicks that had either no experience of dead 55 
insects (Fisher’s test: P=0.467, n=30) or experience only of dead stick insects whose 56 
appearance had been manipulated (Fisher’s test: P=1, n=30).  Furthermore, experience 57 
manipulations only influenced birds’ responses to prey that displayed thanatosis.  Whilst 58 
thanatosic insects were rejected significantly more often by birds that had experienced 59 
unmanipulated dead stick insects than by birds that had experienced manipulated dead 60 
insects or an empty arena (Fisher’s test: P<0.0001, n=49), this trend was not seen 61 
when insects did not display thanatosis (Fisher’s test: P=1, n=41). In short, thanatosis 62 
was only an effective defensive strategy when predators had learned that dead prey 63 
where unpalatable. Prey displaying thanatosis were not inherently aversive, or difficult 64 
to find or handle since predators with no experience of unmanipulated dead insects 65 
readily ate them. Moreover, at no point did a chick perform a disgust response after 66 
attacking a live insect.   67 
This clearly demonstrates that, in stick insects, thanatosis causes predators to 68 
misclassify live prey as the unpalatable dead prey they resemble. This explanation 69 
could theoretically apply to any thanatosic species in which individuals become 70 
unprofitable after death, and it seems reasonable to assume that this is often the case 71 
when animals decompose. This is in contrast to other explanations that tend to apply to 72 
a more specific subset of species (those with gape limited predators [6], those that live 73 
in groups [7], or those that are camouflaged [8]). These alternative explanations also 74 
rely on prey exploiting physical/sensory limitations in predators, whereas this 75 
experiment demonstrates that thanatosis exploits predators’ learned aversions to dead 76 
prey. Consequently, predator cognition is likely to be a key selective pressure driving 77 
the evolution of thanatosis. Finally, since prey are mimicking dead conspecifics, the 78 
evolution of thanatosis may share similarities with the evolution of other types of 79 
mimicry. For example, predators may be more likely to be fooled when the density of 80 
models (dead prey) is high in comparison to that of mimics (thanatosic prey) [9,10]. This 81 
raises the intriguing possibility that factors that have never previously been considered 82 
in relation to the evolution of prey defence (e.g. the size and structure of scavenger, 83 
detritivore and decomposer communities) could influence the evolution of thanatosis. 84 
 85 
Supplemental Information 86 
Supplemental Information including experimental procedures, analyses and two figures 87 
can be found with this article online at: 88 
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Figure legends 129 
 130 
Figure 1 131 
(A) The latency in seconds (mean +/- SE) to attack the stick insect in the test trial, and 132 
(B) the number of chicks that rejected the insect and left it unharmed (unfilled bars) and 133 
the number that killed and ate the insect (filled bars) in the test trial. N=15 in the Unman 134 
Thanatosis group, N=15 in the Unman No Thanatosis group, N=18 in the Man 135 
Thanatosis group, N=12 in the Man No Thanatosis group, N=16 in the Empty Arena 136 
Thanatosis group and N=14 in the Empty Arena No Thanatosis group. 137 
 138 
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 158 
The number (mean +/- SE) of times that birds pecked the dead stick insect in each of 159 
the four test trials in Experiment 1. 160 
 161 
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 167 
The number (mean +/- SE) of times that birds pecked the dead stick insect in each of 168 
the four training trials in Experiment 2. 169 
 170 
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Experiment 1: Are dead stick insects unpalatable? 176 
Supplemental materials and methods 177 
Subjects and housing 178 
Thirty six newly-hatched domestic chicks of the ‘Hubbard Brown’ strain were purchased 179 
from a commercial hatchery (domestic chicks have consistently proved to be ideal 180 
model predators to use in experiments investigating the function of prey defenses 181 
because their foraging experience can be manipulated from the moment they hatch). 182 
They were housed in cages measuring 120 cm x 50 cm x 50 cm, and were subject to a 183 
14L : 10D cycle using uncovered florescent lights. The temperature of the laboratory 184 
was maintained at 25-28 °C using a room heater. Water was provided ad lib., as were 185 
chick starter crumbs except during training and experimenting when food deprivation 186 
was necessary. Chicks also received mealworms Tenebrio molitor and wax moth larvae 187 
Achroia mellonella twice a day in their home cages. All deprivation periods were in 188 
accordance with UK Home Office regulations and guidelines. At the end of the 189 
experiment the chicks were donated to a free-range small-holding.  190 
 191 
Prey species 192 
I used Indian stick insects as prey in my experiment. Individuals of this species 193 
resemble the twigs of their host plants, and display thanatosis: when attacked by 194 
predators, they extend their limbs along the body axis and remain motionless, often for 195 
long periods. The stick insects used in the experiment where captive-bred specimens 196 
from a laboratory population. They were reared in clear plastic containers and were fed 197 
on freshly-cut Privet Ligustrum spp. The containers were housed in a laboratory lit by 198 
natural daylight which was maintained at approximately 20 °C. In the test trials, one 199 
group of chicks received live insects, one received insects that had died from natural 200 
causes, and one received insects that had been killed. The insects that died from 201 
natural causes were collected from the home tanks on a daily basis, and at the time 202 
they were used in the study, they had been dead for between 1 and 12 days. To 203 
produce freshly-killed insects, I placed stick insects in a freezer overnight, and removed 204 
them 2 hours before the experiment. All stick insects were 6 cm in length.  205 
 206 
Training 207 
On day 1 post-hatch, chicks were left to acclimatize to the laboratory.  On the following 208 
day, 30 chicks were trained to eat chick starter crumbs from the white laminated 209 
cardboard floor of an experimental arena. Two identical arenas were used, each 210 
consisting of a cage identical to the housing cages, with a section measuring 20 cm x 211 
50 cm x 50 cm partitioned off using wire mesh to create a separate ‘buddy arena’. In all 212 
training and experimental trials, two chicks were placed in the buddy arena to reduce 213 
any potential distress from placing experimental chicks alone in the arena. These buddy 214 
chicks were selected from a stock of 6 individuals, and were changed every three trials. 215 
Buddy chicks were housed separately from experimental chicks, and were not given 216 
access to insect prey at any point during the experiment. 217 
 218 
On day 2, chicks underwent six training trials at regular intervals throughout the day. In 219 
all trials, chick crumbs were scattered over the floor of the experimental arena, and 220 
chicks were then placed in the arena for an interval of three minutes. In the first two 221 
trials, chicks were placed in the area in groups of three; in the following two trials, chicks 222 
were placed in the arena in groups of two; and in the final two trials chicks were placed 223 
in the arena individually. By the end of trial 6, all chicks were eating crumbs in the 224 
arena. 225 
 226 
Test trials 227 
On day 3, chicks were divided into 3 groups, each containing 10 individuals. Birds in all 228 
groups then received 4 daily test trials. In each trial, chicks were placed in the 229 
experimental arena individually. The items placed in the experimental arena during 230 
these trials differed among groups. One group encountered a live stick insect which had 231 
been allowed to settle (and was motionless), one encountered a stick insect that had 232 
died from natural causes, and the final group encountered a stick insect that had been 233 
freeze-killed. We used a different stick insect in every presentation, but it was always 234 
placed in the center of the arena. I recorded the latency to peck the insect in Trial 1, 235 
whether or not the stick insect was eaten, the number of pecks before the insect was 236 
rejected (if it was rejected), and whether or not birds performed disgust responses 237 
(head-shaking or beak-wiping) after attacking the insect. Chicks were trained in a 238 
random order.  239 
  240 
Statistical analyses 241 
I compared the latency to attack the insect in the first trial across all three experimental 242 
groups, and I compared the total number of pecks before rejection in the test trials 243 
between the two groups given dead prey (all birds given live prey ate the stick insects 244 
immediately upon attack). I used ANOVAs to make these comparisons since the data 245 
exhibited homoscedasticity (Levine’s tests, latency to attack, F2,27=0.056, P=0.946; 246 
number of pecks, Levine’s test; F1,18=0.519, P=0.481) and the unstandardized residuals 247 
were normally distributed (Shapiro-Wilks tests, latency to attack, W=0.975, df=30, 248 
P=0.692; number of pecks, W=0.954, df=20, P=0.440). I then used 3 Fisher’s tests to 249 
determine whether the number of chicks that ate a stick insect at some point during the 250 
test trials differed among the experimental groups. Finally, I performed a further 3 251 
fisher’s tests to determine whether the number of chicks that performed a disgust 252 
response at some point during the test trials differed among the experimental groups. 253 
For each set of Fisher’s tests I used a Bonferonni correction to correct for performing 254 
multiple comparisons. Consequently, the results of these test should be considered 255 
significant when P<0.0167. 256 
 257 
Supplemental results 258 
There was no significant difference in the latency to attack the insect in the first trial 259 
among the three experimental groups (ANOVA, F2,27=0.127, P=0.881; Live insects, 260 
Mean=13.1 seconds, S.E.=2.08; Dead natural, Mean=14.3 seconds, S.E.=2.25; Dead 261 
frozen, Mean=14.5 seconds, S.E=2.03). This indicates that chicks were equally willing 262 
to attack all prey types upon first encountering them. However, the number of chicks 263 
that ate an insect at some point during the experiment did differ among groups. 264 
Significantly more of the birds given live prey ate insects, compared to birds given 265 
insects that had died of natural caused (p<0.001, n=20) or birds given prey that had 266 
been freeze-killed (p<0.001, n=20). There was no difference in this measure between 267 
birds given insects that had died of natural causes and birds given prey that had been 268 
freeze-killed (p=1, n=20). In fact, all of the birds given live prey ate all of the insects 269 
presented to them, whereas all of the birds given dead prey rejected all of the insects 270 
presented to them. A similar trend was seen in the number of chicks that performed 271 
disgust responses. Significantly fewer of the birds given live prey performed disgust 272 
responses at some point during the test trials, compared to birds given insects that had 273 
died of natural caused (p<0.001, n=20) or birds given prey that had been freeze-killed 274 
(p<0.001, n=20). Again, there was no difference in this measure between birds given 275 
insects that had died of natural caused and birds given prey that had been freeze-killed 276 
(p=1, n=20). In fact, none of the birds given live prey ever performed a disgust 277 
response, whereas all of the birds given dead prey performed a disgust response every 278 
time they attacked a dead insect. Taken together these findings indicate that birds found 279 
live prey palatable and dead prey unpalatable. Finally, I found that the total number of 280 
times the birds pecked the insects across the 4 trials did not differ between birds given 281 
prey that had died of natural causes, and birds given freeze-killed prey (ANOVA, 282 
F1,18=0.011, P=0.918; see S1). This suggests that these prey types are equally 283 
aversive, and confirms that freeze-killing prey is a suitable method to produce the dead 284 
prey required for the subsequent experiment.  285 
 286 
 287 
Experiment 2: Do chicks mistake thanatosic prey for unpalatable dead prey 288 
Supplemental materials and methods  289 
Subjects and housing  290 
A further 102 newly-hatched chicks of the ‘Hubbard Brown’ strain were purchased from 291 
a commercial hatchery: 90 served as experimental chicks and 12 served as buddy 292 
chicks. They were housed and trained as described above, and donated to a free-range 293 
small-holding at the end of the experiment. The stick insects used in this experiment 294 
came from the same laboratory population as those used in the previous experiment, 295 
and they were housed in the same conditions. I used dead stick insects during the 296 
experience manipulation trials and live insects during testing (see below). In all trials, 297 
the stick insects measured 6 cm in length. To produce dead stick insects, I placed stick 298 
insects in a freezer overnight, and removed them 2 hours before they were used in the 299 
experiment. 300 
 301 
Experience manipulation trials 302 
On day 3, chicks were divided into 3 groups, each containing 30 individuals. Birds in all 303 
groups received four, two-minute trials, in which they were placed in the experimental 304 
arena individually. The items placed in the experimental arena during these trials 305 
differed among groups. One group encountered a dead stick insect, one encountered a 306 
dead stick insect bound in purple cotton thread to change its visual appearance without 307 
influencing its structural complexity or odour, and the final group encountered an empty 308 
arena. We used a different stick insect in every presentation, but it was always placed in 309 
the center of the arena. The latency to peck the dead stick insect and the number of 310 
times the chick pecked the stick insect in each trial were recorded. Chicks were trained 311 
in a random order. 312 
 313 
Testing 314 
On day 4, all birds received one test trial. All birds were placed in the arena individually 315 
where they encountered a single live stick insect resting in the center of a Privet branch 316 
(≈ 20 cm in length). The branch was positioned 15 cm from buddy arena at all points 317 
(i.e. it was parallel to the mesh dividing the experimental arena from the buddy arena). 318 
Birds were food deprived for 30 minutes and were then placed in the experimental 319 
arena. They were positioned 15 cm away from the stick insect and 30 cm away from the 320 
buddy arena, and were orientated so that they were facing the stick insect. Each branch 321 
and each stick insect was presented to only one chick, meaning that 90 of each were 322 
used in the experiment. I recorded the latency to peck the stick insect, whether the stick 323 
insect displayed thanatosis, and whether it was eaten or survived the 10 minutes 324 
following the initial peck. Approximately half of the stick insects from each of the three 325 
experience manipulation treatments displayed thanatosis, effectively creating 6 326 
experimental groups in total: Unmanipulated stick insects in the experience 327 
manipulation trials and thanatosis in testing (n=15), Unmanipulated stick insects in the 328 
experience manipulation trials and no thanatosis in testing (n=15), Manipulated stick 329 
insects in the experience manipulation trials and thanatosis in testing (n=18), 330 
Manipulated stick insects in the experience manipulation trials and no thanatosis in 331 
testing (n=12), Empty arena in the experience manipulation trials and thanatosis in 332 
testing (n=16), Empty arena in the experience manipulation trials and no thanatosis in 333 
testing (n=14). 334 
 335 
Statistical analyses 336 
I used ANOVA to determine whether the total number of times chicks pecked 337 
dead stick insects/manipulated dead stick insects across the four experience 338 
manipulation trials differed among experimental groups. These data exhibited 339 
homoscedasticity (Levine’s tests, F3,56=0.338, P=0.798) and the unstandardized 340 
residuals were normally distributed (Shapiro-Wilks tests, W=0.982, df=60, P=0.513).  I 341 
then used Kruskal Wallis tests to determine whether the following measures differed 342 
among the experimental groups: (i) the latency for chicks to peck dead stick insects 343 
/manipulated dead stick insects in the first experience manipulation trial, and (ii) the 344 
latency for chicks to peck the live stick insect in the test trial. This approach was chosen 345 
because whilst the data exhibited homoscedasticity (Levine’s tests, F3,56=0.591, 346 
P=0.623, and F5,84=0.459, P=0.805 respectively), the unstandardized residuals were not 347 
normally distributed (Shapiro-Wilks tests, W=0.910, df=60, P<0.001, and W=0.914, 348 
df=90, P<0.001 respectively).  I conducted these analyses using IBM SPSS Statistics 349 
24. Finally, I used a Fisher’s exact tests to determine whether the number of chicks that 350 
rejected prey post-attack differed significantly among the six experimental groups, 351 
before using a further 5 Fisher’s exact tests to test a series of a priori predictions: (i) 352 
Chicks with prior experience of unmanipulated dead stick insects would be more likely 353 
to reject insects post attack when the insects displayed thanatosis compared to when 354 
they did not, and that this trend would not be observed (ii) in chicks that had no 355 
experience of dead insects, or (iii) in chicks with experience only of dead stick insects 356 
whose appearance had been manipulated. (iv) Chicks that had experienced 357 
unmanipulated dead stick insects would reject thanatosic insects more often than chicks 358 
that had experienced manipulated dead insects or an empty arena, but (v) this trend 359 
would not be seen when insects did not display thanatosis. Since I tested a small 360 
number of planned comparisons, I did not correct for multiple comparisons. However, 361 
doing so had no effect on my conclusions: Bonferroni correction would have changed 362 
the threshold for a significant P value from 0.05 to 0.01, meaning all the tests currently 363 
reported as significant would remain significant. All Fisher’s tests were performed using 364 
GraphPad QuickCalcs, and all P values reported in the manuscript are two-tailed. 365 
 366 
 367 
Supplemental results 368 
Behavior in the experience manipulation trials 369 
In order to determine whether manipulating dead stick insects influenced birds’ 370 
willingness to attack them, I compared how birds in different experimental groups 371 
behaved in the experience manipulation trials. Since no stick insects were presented in 372 
the two experimental groups that encountered an empty experimental arena, I analyzed 373 
the data from the four remaining groups: the Unmanipulated thanatosis group, the 374 
Unmanipulated no thanatosis group, the Manipulated thanatosis group, the Manipulated 375 
no thanatosis group. I found that manipulating dead stick insects by wrapping them in 376 
purple thread did not influence birds’ willingness to attack them. There was no 377 
significant difference among the four experimental groups in either the latency to peck 378 
the first dead stick insect presented to them (Kruskal Wallis test; X2 = 0.423, P=0.936, 379 
df=3; Unman Thanatosis, Mean=14.0 seconds, S.E.=2.79; Unman No Thanatosis, 380 
Mean=11.4 seconds, S.E.=2.15; Man Thanatosis, Mean=13.28, S.E.=2.36; Man No 381 
Thanatosis, Mean=12.25 seconds, S.E.=2.55); or the total number of times chicks 382 
pecked the stick insects across the 4 trials (ANOVA; F3,56 = 0.426, P=0.735, see Fig 383 
S2). 384 
 385 
